The asymmetric cell division of stem cells, which produces one stem cell and one differentiating cell, has emerged as a mechanism to balance stem cell self-renewal and differentiation. Elaborate cellular mechanisms that orchestrate the processes required for asymmetric cell divisions are often shared between stem cells and other asymmetrically dividing cells. During asymmetric cell division, cells must establish asymmetry/polarity, which is guided by varying degrees of intrinsic versus extrinsic cues, and use intracellular machineries to divide in a desired orientation in the context of the asymmetry/polarity. Recent studies have expanded our knowledge on the mechanisms of asymmetric cell divisions, revealing the previously unappreciated complexity in setting up the cellular and/or environmental asymmetry, ensuring binary outcomes of the fate determination. In this review, we summarize recent progress in understanding the mechanisms and regulations of asymmetric stem cell division.
Introduction
Asymmetric cell division is a widespread process, occurring in organisms ranging from prokaryotes to highly complex multicellular organisms (Pereira et al., 2001; Inaba and Yamashita, 2012) . In multicellular organisms, asymmetric cell division is critical for fate diversification. Asymmetric division of stem cells creates one stem cell and one differentiating cell, a simple yet elegant way to balance stem cell self-renewal and differentiation (Morrison and Kimble, 2006; Knoblich, 2008; Inaba and Yamashita, 2012; Chen et al., 2016a) . This balance in turn ensures long-term tissue homeostasis, a failure of which is speculated to lead to tumorigenesis and/or tissue degeneration (Morrison and Kimble, 2006; Chen et al., 2016a) .
Asymmetric stem cell division involves a sequence of coordinated processes. Cell fate-determining factors are provided either cell extrinsically ( Fig. 1 A) or intrinsically ( Fig. 1 B) to stem cells in a polarized manner. By coordinating the division orientation with the position of polarized fate determinants, the daughters of stem cells acquire distinct fates: either to self-renew their stem cell identity or to commit to differentiation. Earlier work has revealed many of the basic fundamental mechanisms for asymmetric cell divisions, while recent progress has made it clear that asymmetric stem cell division involves many additional layers of regulation.
In this review, we will first briefly describe the framework of asymmetric stem cell division, although we refer the readers to recent reviews on the topic for a detailed discussion on these established frameworks. Then, we will focus on emerging mechanisms that reveal the complexity of regulation in achieving asymmetric stem cell division.
Framework of asymmetric cell division
The term "asymmetric cell division" ultimately refers to the asymmetry in cell fates, although many other forms of asymmetries accompany cell divisions, as will be discussed. Accordingly, in defining asymmetric cell division, the most critical asymmetry is that of fate-determining factors. Fate-determining factors can be provided in two ways: (1) extracellular environments that define cell fate may be presented to two daughter cells in an asymmetric manner, and (2) intracellular fate determinants may be polarized within a cell and segregated asymmetrically upon cell division (Fig. 1, A and B) .
Extracellular environments that define stem cell identity are called stem cell niches. Niches typically present signaling molecules (such as ligands) to stem cells, which activate downstream transcriptional networks within stem cells to specify their identity (Morrison and Spradling, 2008; Losick et al., 2011) . For example, Drosophila melanogaster male and female germline stem cells (GSCs) provide two of the best-characterized models of asymmetric stem cell division within the niche (Fuller and Spradling, 2007; Lehmann, 2012) . In the Drosophila testes, postmitotic somatic hub cells function as a major constituent of the stem cell niche by secreting the critical self-renewal ligands Unpaired (Upd; a cytokine homologue) and Decapentaplegic (Dpp)/ Glass bottom boat (Gbb; both of which are bone morphogenetic protein signaling pathway ligands; Fig. 1 C; Kiger et al., 2001; Tulina and Matunis, 2001; Shivdasani and Ingham, 2003; Kawase et al., 2004; Schulz et al., 2004) . In the Drosophila ovary, terminal filament cells and cap cells constitute the niche by secreting Dpp ligand (Xie and Spradling, 2000) .
Alternatively, stem cell identity can be determined by intrinsic fate determinants. In such a scenario, asymmetric division is achieved by polarizing fate determinants on one side of the cell, which are subsequently segregated into only one daughter of the division. The Drosophila neuroblast (NB) presents the best-understood example of this category (Doe and Bowerman, 2001; Yu et al., 2006; Prehoda, 2009; Gallaud et al., 2017) . In mitotic Drosophila NBs, a number of fate-determining factors (Numb, brain tumor [Brat] , Prospero, Miranda, Staufen and prospero mRNA) are polarized basally to be subsequently inherited by the differentiating daughter called ganglion mother cells (GMCs; Fig. 1 D ; Reichert, 2011; Sousa-Nunes and Somers, 2013; Janssens and Lee, 2014; Gallaud et al., 2017) . These fate-determining factors are produced by NBs, remain inactive in NBs, and then ensure differentiation upon segregation into GMCs.
By coordinating with the position of the fate-determining factors, stem cells polarize their cytoskeleton to orient their spindles in preparation for asymmetric stem cell division. Here, the ultimate goal is to orient the division plane such that the two daughter cells will adapt distinct cell fates. In general, a particular area of cell cortex is specified to anchor the spindle. Such a cortical area is formed in coordination with other landmarks of the cell such as the position of the stem cell niche or fate determinants. In short, the cell cortex anchors machineries that capture microtubule (MT) plus ends that emanate from the centrosome/spindle pole. When this anchoring is coupled with depolymerization of MTs, it generates pulling forces that can anchor the spindle perpendicular to the cortex. In many cases, dynein plays dual roles in capturing MT plus ends and generating pulling force by walking toward the minus end of the MTs (Grill and Hyman, 2005; di Pietro et al., 2016) .
These basic mechanisms appear to be ubiquitously used in many asymmetrically dividing cells including nonstem cells. While this framework describes the fundamentals of asymmetric cell division, recent studies have revealed the necessity of more complex mechanisms to ensure asymmetric stem cell divisions. In the following sections, we will review these emerging mechanisms.
Coupling spindle orientation with the landmark of stem cell asymmetry The most critical aspect of asymmetric stem cell division is polarization of fate determinants and division orientation. In Drosophila NBs, the Par3-Par6-atypical protein kinase C (aPKC) polarity complex forms the apical crescent, which marks one side of the NB to instruct both the spindle orientation and the position of the fate determinants at the other side of the NB as the basal crescent, thereby coordinating these two processes (Gallaud et al., 2017) . Although these cell-intrinsic machineries are sufficient to achieve asymmetric NB division, external cues (C) Asymmetric division of Drosophila male GSC. The hub cells provide the polarized source of fate determinants (self-renewal ligands Upd and Dpp), which are received by GSC receptor Dome and Tkv, respectively. GSCs are attached to the hub via adherens junctions, ensuring their retention in the niche. The mother centrosome anchors to the adherens junctions via astral MTs, instructing spindle orientation in mitosis. In parallel, the receptor Dome binds to Eb1 to capture MTs to orient the spindle. GSC division creates a gonialblast (GB), the differentiating daughter. (D) Drosophila NBs divide asymmetrically by segregating fate determinants (e.g., Miranda and Prospero) to GMCs (green crescent). Apical polarity complex (e.g., Par3-Par6-aPKC complex and Pins; brown crescent) captures MTs from the activated daughter centrosome to orient the spindle.
also instruct the overall cell polarity in the context of the tissue. When an embryonic NB is attached to epithelial cells (in the intact tissue as well as in a cell culture), the position of the apical crescent is determined and maintained with respect to the cell contact (Siegrist and Doe, 2006) . This is mediated by activation of the G protein-coupled receptor Trapped in endoderm 1 (Tre1) in NBs. Tre1 in turn recruits Pins, a major organizer of the apical crescent, to the apical side defined by the presence of epithelial cells, thereby coordinating the position of the epithelial layer with the NB polarity (Fig. 1 D; Yoshiura et al., 2012) .
When the cell fate determinants are provided extrinsically, the cells must sense from which side the signal is coming and convey this information to the machinery that orients the spindle. Drosophila male GSCs divide asymmetrically by orienting the spindle perpendicular to the hub cells (Fig. 1 C; Yamashita et al., 2003) . This spindle orientation is precisely determined by the positioning of the centrosomes during interphase: the mother centrosome is typically anchored near the hub cells, whereas the daughter centrosome migrates toward the opposite side to prepare correct orientation of the spindle (Yamashita et al., 2007) . Drosophila female GSCs also orient their spindles perpendicular to the cap cells to divide asymmetrically. The major mechanism that orients spindles toward the cap cells is the spectrosome, a germline-specific membranous organelle. The spectrosome is almost always positioned near the cap cells, and the spindle is anchored to the spectrosome (Deng and Lin, 1997) . In addition, the centrosomes are also oriented with respect to the cap cells, contributing to the spindle orientation (Lu et al., 2012) .
How GSCs sense the position of the niche cells to orient their spindle is of critical importance in achieving asymmetric divisions. In the male GSC niche, two parallel mechanisms appear to orient the spindle with respect to the hub. First, GSCs attach to the hub cells via adherens junctions to remain in the niche (Yamashita et al., 2003) , which is also the case for female GSCs (Song et al., 2002) , and this adhesion provides an ideal landmark for GSCs to determine which side is the hub/cap cell (Fig. 1 C) . Adherens junctions anchor astral MTs emanating from the mother centrosome (Yamashita et al., 2007) , and E-cadherin, a component of adherens junctions, plays a critical role in male GSC spindle orientation (Inaba et al., 2010) . In parallel, male GSCs also use the self-renewal ligand Upd to directly sense the position of the niche cells. Upd secreted from the hub cells dictates the localization of its receptor Dome, which in turn directly binds to a major MT regulator, plus end-binding protein 1 (Eb1), to orient the spindle (Fig. 1 C; Chen et al., 2018) .
Ligand-receptor interactions, as observed in male GSCs, may be universal mechanisms for cells to sense the position of signal-sending cells. For example, during early development of Caenorhabditis elegans embryos, the spindle in the endomesodermal precursor (EMS) cell is oriented toward the P2 cell (germ cell precursor). The P2 cell expresses the Wnt ligand MOM-2, whereas the EMS cell expresses its receptor Frizzled (MOM-5), regulating the spindle orientation in EMS cells (Goldstein et al., 2006) . Mouse embryonic stem cells are shown to polarize toward the Wnt3a ligand, when it is presented on the beads, leading to polarization of the cell and spindle orientation toward the beads (Habib et al., 2013) . Although this is a phenomenon observed in an in vitro setting, it is striking in that it demonstrates the ability of a single ligand species to induce the polarization of the entire cell. These results indicate that the cells can directly sense the position of the ligands (thus the position of ligand-expressing cells) via receptors, using these as cues to orient the spindles toward the ligand source.
Certain stem cells attach to the ECM/basement membrane, which provides a polarity cue toward which stem cell division orients. For example, in mouse epidermal stem cells, stem cells adhere to the basement membrane with integrin, and the spindle is oriented toward the basement membrane to divide asymmetrically (Lechler and Fuchs, 2005; Williams et al., 2011; Seldin et al., 2013) , although other mechanisms such as cell migration might also contribute to the asymmetric outcome (Poulson and Lechler, 2012) . Similar mechanisms involving the basement membrane as a polarity cue in spindle orientation/asymmetric stem cell division have been observed in several systems including Drosophila intestinal stem cells (Goulas et al., 2012) , mouse spinal cord neuroepithelial stem cells (Farkas and Huttner, 2008; Loulier et al., 2009) , and mouse muscle satellite cells (Kuang et al., 2007; Le Grand et al., 2009; Bentzinger et al., 2013) , suggesting a universality of this mechanism.
In addition, recent studies illuminated the potential influence of physical properties of cells and their environments (such as membrane stiffness) on stem cells' behavior. For example, in human hematopoietic stem/progenitor cells, myosin-IIb was observed to be asymmetrically inherited during their divisions (Shin et al., 2014) . As myosin-IIb was shown to localize to where cells are mechanically stressed, it raises a possibility that the endogenous niche environment may use such characteristics to polarize stem cells to achieve asymmetric stem cell divisions. In another example, it was reported that asymmetric divisions of mouse satellite cells (muscle stem cells) are influenced by cellular geometry (Yennek et al., 2014) : depending on the micropatterns to which cultured satellite cells are adhered, satellite cells underwent asymmetric versus symmetric divisions assessed by nonrandom sister chromatid segregation. Although these studies have not examined the spindle orientation as a mechanism to achieve observed asymmetries, it is tempting to speculate that the physical environment of the niche influences stem cell behaviors, thus regulating asymmetric cell divisions.
Establishing asymmetry for binary fate determination As described, polarization of fate determinants and spindle orientation are two critical aspects of asymmetric stem cell divisions. However, recent studies have demonstrated that additional layers of regulation are required to ensure the binary outcome of asymmetric cell division. Much of the processes of cell division (proliferation), such as DNA replication/repair and chromosome segregation, are designed to generate two essentially identical cells with the same genetic information and similar sets of cellular components (organelles and cytoplasm). Also, two daughter cells are juxtaposed to each other at the completion of cell division, and thus it is not an easy task to present these two cells with drastically different microenvironments such that two cells would take different fates. Therefore, there must be mechanisms that strictly define the asymmetry and/or amplify the initial, pos-sibly subtle asymmetries to achieve binary cell fates through a single cell division. Recent progress provides a glance at these mechanisms that ensure binary asymmetric fates: self-renewal versus differentiation.
Defining the niche space
Although asymmetric inheritance of niche interface may seem a simple way by which stem cells divide asymmetrically, additional layers of regulation are required to ensure that the two daughters of a stem cell division are exposed to different signaling environments. Considering that two daughters of a stem cell division are juxtaposed to each other and that the ligands from the niche can diffuse, defining the border of the niche between two juxtaposing cells requires elaborate mechanisms. For example, glypican-type transmembrane proteins, which stabilize ligands in the extracellular space (Yan and Lin, 2009; Sarrazin et al., 2011) , contribute to defining the niche space. Hub cells in the male GSC niche and cap cells in the female GSC niche express the glypicans, dally-like and dally, respectively, and these glypican molecules are critical to maintaining GSCs by stabilizing Upd and Dpp within the niche and restricting its diffusion outside the niche (Fig. 2 A; Hayashi et al., 2009 ). In addition, Drosophila male GSCs use thin protrusions termed MT-based nanotubes (MT-nanotubes) to limit the niche signaling to GSCs (Inaba et al., 2015a) . GSCs form MT-nanotubes, which extend into the invagination of hub cells. Thickveins (Tkv), the receptor for Dpp, is expressed in GSCs and specifically trafficked into MT-nanotubes, where it interacts with Dpp secreted from the hub cells. In this manner, the surface of MT-nanotubes is used as an exclusive platform for productive ligand (Dpp)-receptor (Tkv) interaction. This effectively excludes nonstem cells from the influence of the Dpp signaling. In this manner, the potential influence of diffusive ligands on nonstem cells is prevented, creating the sharp boundary of inside versus outside of the niche (Fig. 2 A) . Similar thin protrusions called cytonemes are reported to deliver the Hh ligand from the cap cells to another type of somatic cells, escort cells, in creating the female GSC niche (Rojas-Ríos et al., 2012) , suggesting that targeted delivery of signaling molecules is a critical means by which cells communicate without influencing nearby cells.
Breaking symmetry and amplifying asymmetry
As discussed, tissues may create two distinct microenvironments by limiting the diffusion of ligands such that two daughter cells are exposed to different signaling ligands. However, many types of asymmetric divisions require different mechanisms. For example, self-renewal ligands may be provided from a distant tissue under certain circumstances (e.g., endocrine-based signaling). For example, proliferation of mouse hematopoietic stem cells is known to be positively regulated by estrogen (Nakada et al., 2014) . In such a scenario, alternative mechanisms are required to break the symmetry of the two daughter cells to make them adapt two distinct fates. The difference between the mother versus daughter centrosome may provide such a mechanism to break symmetry, using the initial, possibly subtle asymmetry to generate fate asymmetry. Stereotypical inheritance of the mother versus daughter centrosomes have been observed in several systems. Such a phenomenon was first discovered in Drosophila male GSCs (Yamashita et al., 2007) , where the mother centrosome is consistently inherited by the stem cells as described previously (Fig. 1 C) . A similar pattern of inheritance, i.e., the mother centrosome being inherited by the stem cells, was observed in mouse radial glial progenitor cells (Wang et al., 2009) . Interestingly, in Drosophila NBs and female GSCs (Conduit and Raff, 2010; Januschke et al., 2011; Salzmann et al., 2014) , the stem cells consistently inherit the daughter centrosomes. NBs undergo elaborate processes to switch the MT-organizing center (MTOC) activity of mother versus daughter centrosomes to allow the inheritance of the daughter centrosome by NBs and/or the inheritance of the mother by GMCs (Fig. 1 D ; Rusan and Peifer, 2007; Lerit and Rusan, 2013; Singh et al., 2014) .
Although the significance of the difference between mother versus daughter centrosomes remains incompletely understood, it may provide an elegant way to amplify a subtle asymmetry. Following division, the cell that inherited the mother centrosome grows the primary cilia earlier than its sibling that inherited the daughter centrosome (Anderson and Stearns, 2009 ). This could bias the receptivity of the two sibling cells to signaling ligands such as Hedgehog, conferring them with distinct cell fates. In mouse radial glial progenitor cells, the mother centriole carries ciliary membrane when it is internalized before mitosis. This inheritance of ciliary membrane promotes a faster reassembly of primary cilia in the next cell cycle (Fig. 2 B; Paridaen et al., 2013) . These results suggest that the difference between mother versus daughter centrosomes can trigger the cell fate asymmetry. Once triggered, two cells can signal to each other to further enhance distinct fates via juxtacrine signaling.
Another elegant example of how asymmetry is created and then amplified to generate two distinct cell fates is found in Drosophila sensory organ precursor cells (SOPs). SOPs reside in the single-layered epithelium of the Drosophila pupal thorax, where their asymmetric division generates two daughter cells, pIIa and pIIb, which eventually generate four different cells that constitute a single mechanosensory hair unit (hair cell, socket cell, neuron, and glia; Schweisguth, 2015) . A SOP is planar polarized within the epithelial layer and divides along this axis to generate posterior pIIa and anterior pIIb cells (Fig. 2 C) . Binary fate determination of pIIa and pIIb cells depends on Notch signaling between these two cells: pIIb produces Notch ligands (Dl and Ser), which are received by the pIIa cell to confer its identity. The asymmetry between pIIa and pIIb is created in two ways: Numb is asymmetrically segregated to pIIb cells during SOP division, which later functions as an antagonist of Notch signaling, repressing Notch activity in pIIb cells. In parallel, the internalized pool of Delta and Notch is associated with the Smad anchor for receptor activation (Sara) endosomes, which are trafficked to pIIa cells during cytokinesis, enhancing Notch activation in pIIa cells (Coumailleau et al., 2009 ). This biased segregation of Sara endosomes into pIIa is mediated by biased MT orientation at the central spindle, whereby more plus ends are oriented toward the pIIa side and the kinesin-like protein at 98A carries Sara endosomes toward the pIIa cell (Derivery et al., 2015; Loubéry et al., 2017) . The Sara endosomes have been shown to segregate asymmetrically in other cell types as well, such as zebrafish neural precursor cells (Kressmann et al., 2015) and Drosophila intestinal stem cells (Montagne and Gonzalez-Gaitan, 2014) , suggesting the conservation of this mechanism in generating fate asymmetry.
Checkpoint mechanisms to safeguard asymmetric division Critical cellular processes are often under the regulation of checkpoint mechanisms, which ensure the completion of a certain process before a cell can proceed to the next step. For example, the DNA damage checkpoint ensures that DNA replication and repair is complete before mitotic entry (Löbrich and Jeggo, 2007) , and the spindle assembly checkpoint verifies that all kinetochores have established bipolar attachments before anaphase (Musacchio, 2015) . Lack of these checkpoints can cause mutations or chromosome missegregation. The failure of asymmetric stem cell division can have comparable deleterious consequences for cells, tissues, and organisms. Indeed, failure in asymmetric stem cell division has been speculated to lead to stem cell overproliferation due to symmetric self-renewal or to stem cell depletion due to symmetric differentiation (Morrison and Kimble, 2006) . Although there is no definitive proof to date that the defective asymmetric stem cell division is the root cause of stem cell overproliferation or depletion, spindle misorientation has been shown to increase stem cell number in several contexts due to erroneous inheritance of fate-determining factors (Yamashita et al., 2003; Cabernard and Doe, 2009 ), highlighting the importance of ensuring successful asymmetric stem cell divisions.
In the unicellular budding yeast, a spindle position checkpoint mechanism monitors that the spindle orientation/position is correct during their divisions (Pereira et al., 2001; Seshan and Amon, 2004; Caydasi and Pereira, 2012) . A few checkpoint or checkpoint-like phenomena in stem cells of multicellular organisms have been reported. In Drosophila NBs, spindle misorientation in metaphase is often corrected by a phenomenon called telophase rescue, where the spindle reorients correctly and divides asymmetrically (Siller and Doe, 2008) . Also, in mitotic NBs mutant for centrosomal proteins Bld10/Cep135 or Wdr62, the metaphase spindle is often misoriented due to defective establishment of mother-daughter centrosome asymmetry, but this does not lead to symmetric division, pointing to the presence of a correction (thus checkpoint) mechanism (Singh et al., 2014; Ramdas Nair et al., 2016) . Although the molecular identity of these phenomena and whether these represent a checkpoint mechanism remains unknown, tight temporal orders of two processes point to the presence of such mechanisms.
The Drosophila male GSCs possess a centrosome orientation checkpoint (COC) to ensure correct spindle orientation. The COC monitors centrosome orientation in interphase and halts mitotic entry if centrosomes are not correctly oriented ( Fig. 3 ; Cheng et al., 2008; Pereira and Yamashita, 2011) . COC activity is specific to stem cells, and differentiating spermatogonia (SGs), which divide symmetrically, do not exhibit this checkpoint activity, suggesting that COC is specifically designed to ensure asymmetric stem cell divisions (Venkei and Yamashita, 2015) . To date, a few molecular players of the COC have been characterized. A polarity protein Bazooka (Baz)/Par-3 forms a small ∼2-µm Baz patch along the hub-GSC interface. The mother centrosome is closely associated with the Baz patch right before mitotic entry. That centrosome orientation is correct appears to be inferred by this association between the Baz patch and the centrosome, thus permitting mitotic entry of GSCs (Inaba et al., 2015b) . Par-1, a kinase that phosphorylates Baz, is also a part of COC. Whereas Par-1-dependent phosphorylation of Baz is critical for COC activity, Par-1 also functions to sequester cyclin A to the spectrosome, a membranous, ER-like organelle specific to germ cells, to prevent mitotic entry . It remains unknown how Par-1 phosphorylation of Baz and sequestration of Cyclin A are coordinated to regulate COC activity.
Interestingly, the COC is used in a different context: in response to poor nutrition, centrosomes become highly misoriented in GSCs, which in turn activates COC and thus reduces the rate of GSC proliferation (Roth et al., 2012) . In this manner, the tissue adapts to poor nutrition by reducing resources for spermatogenesis. During aging, GSC centrosomes become highly misoriented, contributing to the decline in spermatogenesis during aging (Cheng et al., 2008) . Centrosome misorientation during aging, however, is not a process of adaptation as is the case due to poor nutrition. Instead, GSC centrosome misorientation during aging is due to the increase in dedifferentiation (Cheng et al., 2008) : although dedifferentiation provides a mechanism to maintain GSC pool during aging, dedifferentiated GSCs are not as potent as native ones, leading to an eventual decline in spermatogenesis.
Drosophila female GSCs appear to have a similar checkpoint that arrests GSCs in response to misoriented centrosomes. In this case, if centrosomes are not correctly oriented, GSCs enter mitosis and arrest in prophase (Lu et al., 2012) . However, in female GSCs, the major mechanism that orients the spindle is the anchoring of the spindle pole to the spectrosome (Deng and Lin, 1997) , and it remains unknown how spindle orientation may be monitored in female GSCs.
Asymmetric segregation of cellular components during stem cell divisions
In addition to the asymmetric segregation of cell fate determinants, asymmetric stem cell division involves many additional asymmetries, the implications of which are beginning to be understood.
Centrosomes
As described earlier, mother versus daughter centrosomes segregate in a stereotypical manner during asymmetric divisions of several stem cell systems. The two centrosomes in a cell are intrinsically asymmetric due to a semiconservative manner of centrosome duplication, and their age difference results in differential activity of mother versus daughter centrosomes as MTOC (Yamashita et al., 2007; Pelletier and Yamashita, 2012; Gasic et al., 2015; Loncarek and Bettencourt-Dias, 2018) .
In addition to the roles of centrosome asymmetry in centrosome positioning/spindle orientation and symmetry breaking (Fig. 1, C and D) , differential MTOC activities between mother versus daughter centrosomes can host a plethora of asymmetries. For example, fate-determining mRNAs have been observed to be associated with the centrosomes (Lambert and Nagy, 2002; Lécuyer et al., 2007; Ramat et al., 2017) , raising a possibility that the mother (or daughter) centrosomes may be specifically associated with such mRNAs during asymmetric cell divisions. In addition, other asymmetries that will be discussed below have been reported to require functional centrosomes, pointing to the possibility that mother-daughter centrosome asymmetry orchestrates asymmetric cell division in its entirety.
The unique behavior of centrosomes in asymmetrically dividing stem cells has led to the idea that stem cell centrosomes are uniquely regulated, possibly containing stem cell-specific centrosomal components. On one hand, the repeated inheritance of the mother centrosome, which has higher MTOC activity, by Drosophila male GSCs (Yamashita et al., 2007) or mouse neural progenitor cells (Wang et al., 2009 ) may be interpreted as a default of anchoring one centrosome in a position for correct spindle orientation and may not necessarily represent special fate-determining properties. However, in some other stem cells such as Drosophila NBs (Conduit and Raff, 2010; Januschke et al., 2011) and female GSCs (Salzmann et al., 2014) , daughter centrosomes are inherited by the stem cells. In particular, Drosophila NBs undergo elaborate processes of switching the MTOC activities between mother and daughter centrosomes, down-regulating the mother centrosome and up-regulating the daughter, pointing to the possibility that there are reasons for the mother or daughter centrosome to be inherited by specific cells. Several centrosomal proteins have been identified as being required for maintaining mother-daughter asymmetry and their accurate inheritance. For example, Centrobin (Cnb) specifically localizes to the daughter centrosome and is required for dominant MTOC activity of the daughter centrosome (Januschke et al., 2013) . A safeguard mechanism of spindle orientation in Drosophila male GSCs. In interphase Drosophila male GSCs, the polarity protein Baz (Par3) forms a small structure along the adherens junction (Baz patch), which becomes a docking point for the mother centrosome. GSCs interpret the Baz patch-centrosome interaction as indicating the correct centrosome orientation, permitting mitotic entry. This mechanism ensures that GSCs enter mitosis only when they are ready to orient the mitotic spindle perpendicular to the hub cells.
Wdr62 is required to maintain high MTOC activity of the daughter centrosome (Ramdas Nair et al., 2016) . Bld10/Cep135 is required to down-regulate the mother (Singh et al., 2014) . Several other genes including Plp and calmodulin have been shown to regulate mother-daughter centrosome inheritance (Schoborg et al., 2015) . Defective mother-daughter asymmetry or inheritance in the mutants of these genes only impacts spindle orientation, and no drastic outcome in cell fate has been observed. Therefore, biological significance of mother-daughter centrosome inheritance beyond its role in spindle orientation remains unknown.
These elaborate regulatory mechanisms to ensure asymmetric behavior and inheritance of mother versus daughter centrosomes imply the presence of stem cell-specific regulation of centrosomes. Such stem cell-specific centrosome behaviors are likely regulated by stem cell-specific centrosomal proteins. Accordingly, identification of stem cell centrosome-specific proteins will be of particular interest in the future investigation. However, the difficulty in obtaining sufficient amounts/purities of stem cells for proteomic analysis has hampered such efforts. To date, only one such protein has been identified: Kinesin-like protein at 10A (Klp10A), a depolymerizing kinesin, has been identified as a protein that is enriched on the centrosomes of stem cells but not those of differentiating cells in the Drosophila male germline (Chen et al., 2016b) . Interestingly, depletion of Klp10A led to abnormal elongation of the mother centrosome in stem cells without influencing the size of the daughter centrosome in GSCs or any centrosomes in nonstem cells. These observations indeed indicate that the stem cell (mother) centrosomes are under unique regulations. Components that specifically localize to the mother (or daughter) centrosomes of stem cells that determine/influence cell fates are yet to be identified.
Asymmetries in spindle and cell size
Asymmetric cell division is sometimes associated with the asymmetry in cell size. For example, the first division of the C. elegans zygote yields a larger anterior cell and a smaller posterior cell, which is mediated by spindle pulling force toward the posterior cortex (Grill et al., 2003; Grill and Hyman, 2005) . Drosophila NB divisions also yield a larger NB and a smaller GMC (Fig. 1 D) . In the case of NBs, asymmetric daughter cell size involves asymmetric spindle morphology: the apical half spindle is much larger than the basal half spindle. In addition, a specialized cytokinesis mechanism, mediated by regulation of cortical myosin, ensures that cleavage furrow is positioned basally to generate a smaller GMC (Cabernard et al., 2010; Roubinet et al., 2017; . Drosophila male GSCs' division normally yields two daughter cells of the same size. However, interestingly, when the mother centrosome becomes abnormally large in the absence of Klp10A, the spindle becomes asymmetric, yielding a larger GSC and a smaller GB (differentiating daughter of GSC), similar to NB divisions (Chen et al., 2016b) . This leads to frequent death of small GBs, suggesting that cell size regulation is a critical aspect of asymmetric cell division.
Sister chromatids
Although sister chromatids are considered to be exact copies of each other, several hypotheses have been put forward to postulate that asymmetries in certain aspects associated with sister chromatids may underlie asymmetric cell divisions. The immortal strand hypothesis was one of the first hypotheses for this concept and proposes that long-living cells such as stem cells may avoid accumulation of replication-induced mutations by preferentially inheriting older DNA strands (Rando, 2007) . Many studies to test this hypothesis with the heterogenous cell populations with low stem cell frequency have left ambiguity. Mouse satellite cells (muscle stem cells) and human/mouse embryonic stem cells exhibit a high frequency of biased sister chromatid segregation when old versus new sister chromatids are distinguished by pulse labeling of DNA with bromodeoxyuridine (Conboy et al., 2007; Rocheteau et al., 2012; Elabd et al., 2013) . Old DNA strands exhibit a tendency to segregate to the less-differentiated cells during satellite cell divisions (Conboy et al., 2007; Rocheteau et al., 2012) . In embryonic stem cells, the involvement of epigenetic information was implied, as the biased DNA strand segregation depends on the DNA methyltransferase Dnmt3 (Elabd et al., 2013) . Drosophila male GSCs do not exhibit immortal strand segregation (Yadlapalli et al., 2011) , although female GSCs are reported to exhibit immortal strand segregation (Karpowicz et al., 2009) . Despite not segregating the immortal strands, male GSCs segregate sister chromatids of X and Y chromosomes with a striking bias in a manner dependent on the functional centrosome (Fig. 4 A; Yadlapalli and Yamashita, 2013) . In all these cases, the underlying mechanisms remain largely elusive. Likewise, there is no evidence that the biased segregation functions to avoid accumulation of mutations, and accordingly, the meaning of nonrandom sister chromatid segregation is yet to be established.
Having the same genetic information, distinct cell fates between two sister cells upon asymmetric cell division must be ultimately tracked down to distinct gene expression patterns, i.e., epigenetic information. Therefore, it has been hypothesized that epigenetic information such as DNA methylation and histone modification may be distinct between two sister chromatids, leading to different cell fates. Above-mentioned involvement of Dnmt3 in biased DNA segregation (Elabd et al., 2013 ) is consistent with this idea. In Drosophila male GSCs, it has been shown that old versus new canonical histone H3.1 exhibits asymmetric segregation between GSC and GB, suggesting that histone H3.1 might carry distinct epigenetic information during GSC division (Fig. 4 B; Tran et al., 2012; Xie et al., 2015) . It remains unknown which genes are regulated by such distinct epigenetic information. Also, it remains unknown how this asymmetry in histone segregation is related to the nonrandom sister chromatid segregation of X and Y chromosomes.
Senescence-causing factors
Cells undergo replicative senescence, the state in which cells are alive yet permanently arrested in cell cycle, after a certain number of cell divisions (20-30 divisions) due to accumulation of factors/conditions that interfere with cell proliferation such as damaged proteins and unstable genome (Hernandez-Segura et al., 2018; Sapieha and Mallette, 2018) . To maintain the proliferative potential of a cell, even unicellular organisms such as bacteria and yeasts undergo asymmetric cell divisions to partition undesirable characteristics such as damaged proteins and compromised ribosomal DNA (rDNA) loci to the old cell while rejuvenating the young cell (Aguilaniu et al., 2003; Ganley et al., 2009; Winkler et al., 2010; Liu et al., 2011; Kobayashi, 2014; Hill et al., 2016) .
The stem cells of multicellular organisms appear to employ similar mechanisms as damaged protein has been observed to segregate asymmetrically in dividing mammalian cells including human embryonic stem cells (ESCs ; Fig. 4 C; Rujano et al., 2006; Fuentealba et al., 2008; Moore et al., 2015) . Chromosomal rDNA copy number decreases during the aging of Drosophila male GSCs and recovers in the subsequent generation (Lu et al., 2018) , possibly implying the presense of a similar mechanism as observed in yeast. In mouse hematopoietic stem cells, the nucleolus accumulates replicative stress during aging, which may reflect instability of rDNA, although asymmetric segregation of rDNA damage was not examined in these cells (Flach et al., 2014) . Old mitochondria are preferentially segregated to the differentiating daughter, whereas stem cells inherited fewer older mitochondria during the asymmetric division of human mammary stem-like cells, suggesting that stem cells might be protected from senescence by eliminating old, nonfunctional mitochondria (Fig. 4 D ; Katajisto et al., 2015) . In these stem cells, the old mitochondria accumulate around the nuclear periphery, while new mitochondria remain equally distributed, leading to biased segregation of old mitochondria to differentiating cells. While the details of the underlying mitotic machinery are not yet understood, mitochondrial fission and fusion appear to be essential for biased segregation of old mitochondria. Together, these studies suggest that asymmetric divisions may be used to protect stem cells from senescence by isolating the senescence factors to one cell to rejuvenate the other.
Concluding remarks
Asymmetric division is a critical mechanism that balances stem cell self-renewal and differentiation. In this review, we described recent advances that have added to our understanding of asymmetric stem cell divisions. Emerging studies have revealed complexities in mechanisms that ensure asymmetric outcome of divisions. We have also started to appreciate multitudes of asymmetries, which may impact daughter cell behavior even if they may not determine the cell fate per se. These new discoveries made us realize (yet again) that we have not understood much of the secrets of life. Nonetheless, we have begun to appreciate what might be missing from our knowledge, paving the way to deepening our understanding in future studies. In particular, it will be of great interest to understand the meaning of intriguing asymmetries with unknown functions/significance that have been observed in recent years. Katajisto et al. (2015) with the permission from the authors and the American Association for the Advancement of Science.
